Abstract Metabolic homeostasis is essential for cellular survival and proper tissue function. Multi-systemic metabolic regulation is therefore vital for good health. A number of tissues have the task of maintaining appropriate metabolism, and skeletal muscle is the most abundant of them. Muscle possesses a remarkable plasticity and is able to rapidly adapt to changes in energetic demands by fine-tuning the balance between catabolic and anabolic processes. Autophagy is a catabolic process responsible for the degradation of protein aggregates and damaged organelles, through the autophagosome-lysosome system. Proper regulation of autophagy flux is fundamental for organism homeostasis under physiological conditions and even more in response to metabolic stress, such as during physical activity and nutritional deficits. Both deficient and excessive autophagy are harmful for health and have devastating consequences in a myriad of pathologies. The regulation of autophagy flux in various tissues, and in particular in skeletal muscle, is of great importance for health and tissue homeostasis and represents a feasible mechanism by which physical exercise exerts its beneficial effects on muscle and whole body metabolism. This review is focused on the key molecular mechanisms regulating macromolecule and organelle turnover in muscle during alterations in nutrient availability and energetic demands, as well as their involvement in disease pathogenesis.
Introduction
Cellular homeostasis is essential for tissue function and cell survival. Several biological processes contribute to this purpose and autophagy is likely the most dynamic and prominent of these mechanisms. Autophagy is a lysosome-mediated bulk degradation process, which is constantly ongoing at low levels in all cells and tissues [1, 2] . This process is of particular importance in long-lived post-mitotic cells, such as skeletal muscle fibers and neurons, as this is the sole known mechanism for these cells to rid themselves of dysfunctional and harmful organelles. Three main forms of autophagy have been described thus far, namely macroautophagy, microautophagy, and chaperone-mediated autophagy. The major distinction between these forms is the substrate selection and delivery mechanisms involved. Microautophagy and chaperone-mediated autophagy degrade small portions of cytosol and selected proteins by directly delivering them to lysosomes in a chaperone-independent or chaperone-dependent manner. Macroautophagy (autophagy) is a more complex process involving the formation of double-membrane vesicles termed autophagosomes, which engulf large portion of cytoplasm, as well as entire organelles, and transport them to the lysosome for degradation [3] .
At first glance, autophagy was considered a coarse, nonselective, degradative system, but closer investigation revealed a different truth. Autophagy represents an extremely refined collector of altered organelles, abnormal protein aggregates, and pathogens, similar to a selective recycling center rather than a general landfill [4] . Indeed, new terms have been adopted to describe the selective nature of autophagy, corresponding to the specific cargo being degraded, such as mitophagy, reticulophagy, ribophagy, xenophagy, and pexophagy [4] . The selectivity of the autophagy process is conferred by a growing number of specific cargo receptors, including p62, Nbr1, Bnip3, Nix (Bnip3L), and optineurin [5] . These adaptor proteins are equipped with both a cargo-binding domain, with the capability to recognize and attach directly to molecular tags on organelles, and at the same time a LC3-interacting region domain, able to recruit and bind essential autophagosome membrane proteins. Adaptor proteins are able to recognize their targets by specific flag molecules or posttranslational modifications, such as ubiquitination, presented on the surface of the cargo [6] . In addition, substrate recognition may also depend on the physiological properties of the cargo to be degraded. For instance, mitochondrial depolarization induces the stabilization of Pink1 and the recruitment of the E3 ubiquitin ligase Parkin to the surface of the organelle, acting as a functional "eat me" signal, ultimately resulting in the engulfment and subsequent demise of the damaged mitochondria [7] . In mammals, autophagy is active in almost all tissues and provides an effective mechanism for protein quality control, elimination of defective organelles, regulation of metabolism, and pathogen removal. Thus, any perturbation to autophagy flux may lead to derailments in tissue homeostasis. This is mostly critical during aging, cancer, neurodegenerative and metabolic diseases, as well as infections [1, 3, 8] .
De novo formation of autophagosomes is regulated by at least three molecular complexes: the LC3 conjugation system and the regulatory complexes governed by ULK1 and Beclin 1 [8] . The conjugation complex is composed of different proteins encoded by autophagy-related genes (Atg), which are highly conserved between species and act in a hierarchical manner [8, 9] . The Atg12-Atg5-Atg16L1 complex, along with Atg7, plays an essential role in the conjugation of LC3 to phosphatidylethanolamine, which is required for the elongation and closure of the isolation membrane [8] (Fig. 1 ). This system is under the regulation of at least two major cellular energy sensing complexes, able to ascertain the metabolic status of the cell. Under basal conditions, the ULK1 complex is inactivated by phosphorylation through the mTOR complex 1 (mTORC1), whereas during autophagy induction mTORC1 is inhibited thus enhancing the formation of a complex between ULK1, Atg13 and FIP200. mTORC1 is a nutrient sensor downstream of the insulin/AKT pathway, however mTORC1 can also be negatively regulated independently of AKT by energy stress sensors such as AMPK [10] and, in a mechanical-activity-dependent manner through tuberous sclerosis complex (TSC)1/2 [11, 12] . Moreover, AMPK can also directly phosphorylate ULK1 and Beclin 1, thus promoting autophagy induction [13] . During autophagy, the ULK1 complex is localized to the isolation membrane, where it facilitates the formation of autophagosomes through interaction with the Beclin 1 complex (Fig. 1) . The two complexes are strictly linked through protein-protein interactions. Beclin 1 is directly phosphorylated by ULK1 [14] , which also interacts with Ambra1 [15] . At the same time, Ambra1 is inhibited by mTORC1 phosphorylation [15] . Moreover, AKT can also regulate autophagy through the inhibition of transcription factors of the forkhead box (FoxO) class. Several genes, such as LC3, GABARAP, Bnip3, and glutamine synthetase, are under FoxO3 control. Indeed, in skeletal muscle the effect of FoxO3 on autophagy appears to be, at least in part, mediated by its downstream target Bnip3. Bnip3 alone is sufficient to induce autophagy, while its knockdown attenuates FoxO3-mediated autophagy induction [16] . Furthermore, FoxO3 also mediates the upregulation of glutamine synthetase expression, which can indirectly induce autophagy by inhibiting mTOR [17] . Recently, the role of the Beclin 1 complex in the formation and elongation of the isolation membrane has been challenged. Vacuolar protein sorting 15 (Vps15) muscle-specific knockout mice display normal LC3 lipidation and vesicle formation, despite decreased Vps34 and Beclin 1 levels. Interestingly, these mice present an impaired autophagosome-lysosome fusion similar to that observed in Vps34-depleted neurons, suggesting a role for Vps proteins in this process [18] . Therefore, the Beclin 1 complex may play a more important role in autophagosome docking rather than in autophagosome formation. A more detailed analysis of the in vivo role of Beclin 1 is required to further address this important concept.
Autophagy in muscle
Skeletal muscle is an indispensable metabolic center and possesses a remarkable capacity to rapidly and effectively adapt to variations in contractile activity, a process known as muscle plasticity. Moreover, muscle organelles can be easily damaged following strenuous physical activity, improper nutrition, and aging. A finely tuned system for protein degradation and organelle removal is therefore required for the proper function and contractility of skeletal muscle [19] [20] [21] . Indeed, autophagic flux is increased in several physiological and pathological conditions, such as fasting, atrophy, and exercise [16, 22, 23] . Conversely, an impairment in autophagy results in the accumulation of unfolded and aggregate-prone proteins and dysfunctional organelles, which are typical features of several myopathies [24, 25] . Generation of Atg5 and Atg7 muscle-specific knockout mice confirmed the physiological importance of this system in muscle mass maintenance [26, 27] . The muscle-specific Atg7 knockout mice are characterized by the presence of abnormal mitochondria, oxidative stress, accumulation of polyubiquitinated proteins, and consequent sarcomere disorganization [27] . Moreover, the central role of the autophagy-lysosome system in muscle homeostasis is highlighted by lysosomal storage diseases, a group of debilitating muscle disorders characterized by alterations in lysosomal proteins and autophagosome buildup. Pompe disease is a myopathy caused by a defect in lysosomal acid α-glucosidase [28, 29] , Danon disease is caused by the lack of lysosome-associated membrane protein 2 (LAMP-2) [30, 31] , whereas X-linked myopathy with excessive autophagy is triggered by mutations in an essential assembly chaperone of the V-ATPase [32] . All of these myopathies portray an accumulation of autophagic vacuoles inside myofibers due to defects in their clearance. Several other animal models, which are characterized by aberrant autophagy flux, confirmed the essential role of autophagy in skeletal muscle (Table 1) .
These findings paved the way to explore the role of autophagy in inherited muscle diseases such as congenital muscular dystrophies. The first evidence of impaired autophagy was provided by studies in mice and patients with mutations in collagen VI [25, 42] . A similar block in autophagy progression was later described in dystrophin-deficient (mdx ) and lamin A/C null mice [33, 35, 36] . Conversely, laminin mutated (dy/dy) animals display excessive levels of autophagy, which is equally detrimental [34] . Importantly, restoring normal autophagy flux through pharmacological and dietary tools rescued the muscle pathology of collagen VI knockout (Col6a1 −/− ) animals, as well as of mdx and dy/dy mice [25, 34, 35] (Table 1) .
In addition to congenital muscular dystrophies, perturbations in autophagy flux have also been described in other myopathies. For instance, evidence of impaired autophagy were reported in myofibrillar myopathy, which is characterized by myofibril disassembly and the accumulation of protein
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High Fat Diet aggregates inside myofibers [37, 38] . Additionally, hereditary myopathy with early respiratory failure presents a buildup of p62 positive aggregates due to a disturbance in the Nbr1/p62/ MuRF2 pathway [39, 40] , whereas X-linked myotubular/ centronuclear myopathy is instead characterized by an overabundance of autophagosomes due to a defect in autophagosome-lysosome fusion [41] . The first inherited disease caused by a mutation in an autophagy-related gene was recently discovered. Vici syndrome is a multisystemic disorder, associated with a mutation in the autophagy gene EPG5 and is also characterized by the presence of a myopathy. The EPG5 gene is evolutionary conserved and plays a critical role in the regulation of autophagy in Caenorhabditis elegans and mice [43, 44] . Thus, autophagy is a vital process the aberrant regulation of which results in various myopathies and muscular dystrophies.
Autophagy, nutrients, and energy balance
The energetic status of a cell is one of the most potent stimuli known to regulate autophagy. This regulation is highly dependent on the specific cell type and on the type and duration of the stimulus. Starvation is the most well-studied condition for the induction of autophagy, and the importance of the autophagy [41] pathway is most evident during the short period of nutrient deprivation immediately after birth. Indeed, mice deficient for autophagy essential genes, such as Atg3, Atg5, or Atg7, die shortly after birth [1, 2, 8] . Both increased reactive oxygen species (ROS) production and nutrient stress during starvation were reported to activate autophagy through the intricate interplay between FoxO, AMPK, AKT, and mTOR [16, [45] [46] [47] . Activation of autophagy ensures optimal energy utilization efficiency, which is beneficial during periods of scarce nutrients (Fig. 2) . It is therefore no wonder that this process is conserved on the evolutionary scale. To this effect, lifelong caloric restriction has been documented to prolong life span and improve health, as well as reduce the frequency of chronic ailments [48] , although this issue is controversial [49] . The benefits deriving from nutrient deprivation are thought to be mediated by mild energetic stress, which inevitably activates autophagy as a cellular stress responder. An age-related decline in autophagic degradation has been shown to occur concomitantly with agerelated increases in oxidative damage and apoptosis, both of which negatively correlate with autophagy. Interestingly, a chronic autophagic stimulus, such as caloric restriction, was found to ameliorate the pathological state of muscle during aging [50] . Moreover, caloric restriction has been documented to reverse the muscle hypertrophy phenotype characteristic of mice lacking myostatin, thus helping restore muscle function and force-generating capability in this model [51] .
Autophagy in substrate utilization
In addition to its catabolic role, autophagy actively mobilizes several cellular energy stores to provide nutritional support in times of need. The interplay between autophagy, lipid metabolism, and carbohydrate metabolism illustrates the existence of a dynamic crosstalk between autophagy and cellular energy balance (Fig. 2) . During fasting, a selective form of autophagy (lipophagy) drives cellular lipids, stored as triglycerides in lipid droplets, to lysosomes, where they are hydrolysed into fatty acids and subsequently broken down to replenish ATP [52] . A block in autophagy results in reduced rates of β-oxidation. This is evident in liver specific Atg7 −/− mice, which develop an accumulation of triglycerides and cholesterol in lipid droplets, with no apparent alteration in lipogenesis [53] . The interplay between autophagy and lipid metabolism is endowed with different levels of complexity, where lipids themselves have an important role in autophagy regulation [54, 55] . Moreover, autophagy has been found to mediate adipose tissue development by modulating adipocyte differentiation. White adipose tissue-specific deletion of Atg7 in mice results in browning of adipocytes, characterized by decreased adipose mass, increased mitochondrial content and multilocular lipid droplets. These mice are remarkably lean and present improved glucose tolerance [56, 57] . Various molecules are involved in the autophagic control of lipid metabolism, including the autophagy substrate p62/SQSTM1. Indeed, one of the most important players, mTORC1, is controlled by a feed forward loop, where p62 activates mTORC1 resulting in augmented p62 protein levels [58] . Animals exposed to a high fat diet (HFD) first experience an increase in autophagic activity, but prolonged over-feeding decreases autophagy flux. This decrease in autophagy is speculated to occur due to impaired autophagosome-lysosome fusion, likely stemming from a pathological remodeling of membrane lipids [59] . In another study, HFD was shown to cause a slight suppression of autophagy in muscle, while mice deficient in stress-activated autophagy (Bcl2AAA knock-in mutants) were more sensitive to HFD-induced obesity. This is somewhat of a paradox, since suppression of autophagy was observed with HFD and yet its deficiency appears to sensitize these mice to diet-mediated weight gain. However, this may be due to alterations in other tissues (e.g., liver), which were not examined in the above study [60] . Moreover, studies focusing on autophagy deficiency specifically in muscle show conflicting results. In fact, lack of Atg7 results in protection from HFDinduced insulin resistance due to mitochondrial dysfunction and intercellular crosstalk through the mitokine FGF21 [61] . Accordingly, feeding a HFD to muscle-specific HDAC1/2 mutant mice, which also present an autophagy-deficient phenotype, actually restores autophagy flux and prevents myopathy in adult mice [62] . Therefore, further studies are required to address the conflicting consequences of HFD on autophagy and its role in glucose and lipid metabolism during overfeeding.
Other than its role in lipid mobilization and glucose homeostasis, autophagy is also involved in glycogen breakdown, a process playing a critical role in tissues, such as liver and muscle. Glycogen hydrolysis is regulated primarily by phosphorylases and debranching enzymes, but lysosomal acid glycosidases also contribute to glucose homeostasis. Indeed, cells can activate glycogen-specific autophagy (glycophagy) in order to maintain glucose homeostasis [63] . Dynamic autophagosome formation was described in the β-cells of obese and insulinresistant db/db mice [64] , illustrating that impaired insulin signaling drives autophagy in the pancreas [65] . Similarly to lipids, the interplay between autophagy and carbohydrate metabolism is bidirectional as a variety of glycidic groups have regulatory roles in autophagic signaling. The activation of autophagy during glucose deprivation has been proposed to be, in part, a consequence of the associated oxidative stress. In line with this, a recent study demonstrated a role for the TSC2 complex in regulating autophagy in response to ROS [45] . Conversely, increased intracellular glucose results in reduced phosphorylation of the AKT/FoxO/mTOR pathways, leading to increased protein degradation via autophagy [66] .
Altered autophagic degradation of glycogen stores underlie the basis of different muscular disorders previously described as lysosomal storage diseases. Glycogen granules accumulate in muscles of patients affected by Pompe disease or Danon disease. Several studies have revealed that the primary defects manifest in abnormal delivery of the material sequestered in autophagosomes, including glycogen, to lysosomes for degradation [67] . Interestingly, muscle-specific Vps15 knockout mice develop a severe myopathy with hallmarks of autophagic vacular myopathies, including accumulation of autophagosomes and glycogen. This "myophagy" (autophagy-related myopathy) occurs due to a defect in the fusion of autophagosomes with lysosomes. Accordingly, over-expression of the Vps34-Vps15 complex in myoblasts of Danon disease patients results in a partial amelioration of glycogen overload [31] . Recently an alternative route for the clearance of accumulated glycogen from cells has emerged to occur through exocytosis. Indeed, overexpression of TFEB, a key transcription factor for lysosome biogenesis, was shown to result in lysosomal fusion with the plasma membrane, and thus in effective lysosomal exocytosis and significant glycogen clearance [68] . Whether releasing toxic lysosomal enzymes in the extracellular space, which might trigger inflammation and damage of matrix proteins, is beneficial or detrimental should be addressed in future studies.
Autophagy and physical exercise
The merits of regular physical activity on lipid and glucose homeostasis and in muscle mass maintenance, have been known for decades. In light of the rising obesity epidemic, a sedentary lifestyle is now considered a risk factor for various chronic ailments [69] . Exercise training has been documented to enhance metabolism, improve oxidative capacity as well as overall health and well-being. Six to eight weeks of endurance training are sufficient to elicit measurable elevations in aerobic capacity and to render undisputed cardioprotection as well as insulin sensitizing benefits [70, 71] . Exercise training has also been demonstrated to delay the loss of muscle mass that accompanies various pathologies including age-dependent muscle loss, also known as sarcopenia. Five months of exercise training was shown to completely reverse the premature aging phenotype of the mtDNA mutator mice, which harbor a mitochondrial DNA polymerase gamma with defective proofreading-exonuclease activity [72] . These mice experience premature aging and multisystemic degeneration AMPK activation in muscle also promotes the translocation of FoxOs and PGC-1α to the nucleus, where they activate a transcriptional program to increase autophagy and mitochondrial biogenesis, while dysfunctional mitochondria can stimulate the secretion of FGF21 to induce lipophagy in adipose tissue. In liver, the activation of TFEB and FoxO results in the upregulation of lipid metabolism, gluconeogenesis, and glycogen breakdown. AA amino acids, FFA free fatty acids, GNG gluconeogenesis stemming from mitochondrial dysfunction. Forced endurance exercise was sufficient to induce mitochondrial rejuvenation and prevent mtDNA depletion and mutations, thus blunting wholesale cell death in multiple organs and resulting in protection from multisystemic derailment. Most impressively, exercise-induced benefits were sufficient to increase the lifespan of these progeroid mice.
Many attempts have been made to elucidate the molecular mechanisms underlying the pleiotrophic effects of physical activity, as the ability to harness these benefits holds great therapeutic potential for the treatment and prevention of various morbidities as well as for delaying both senescence and mortality. Exercise confers many of its metabolic benefits by augmenting mitochondrial density as well as vitality. This is thought to be achieved mainly by mitochondrial biogenesis and remodeling, governed largely by the transcriptional co-activator PGC-1α [73] . It has been established that acute muscle contraction results in mild oxidative and metabolic stress (Fig. 3) . Indeed, increases in metabolic demands during muscle contraction result in increased ROS production coupled with elevated AMP/ATP ratio along with a rise in NAD + , which activate various downstream signaling kinases as well as stress responders. Energetic sensors, such as AMPK, SIRT1, and p38-MAPK, are wellestablished factors activated by muscle contraction. These proteins work in unison to restore energetic homeostasis both acutely and chronically through the activation of downstream transcription factors like FoxOs and transcriptional activators such as PGC-1α. AMPK and SIRT1 lead to enhanced activity of FoxOs and PGC-1α by phosphorylation and deacetylation, respectively [74] [75] [76] . Moreover, p38-MAPK has been documented to regulate PGC-1α and this regulation has been deemed necessary for exercise-induced adaptations in skeletal muscle [77, 78] . Other than its role in regulating mitochondrial vigor, PGC-1α over-expression has been demonstrated to be sufficient to prevent muscle loss during various muscle wasting conditions, including aging [79, 80] . Similarly, inhibition of FoxOs blocks muscle loss in different catabolic conditions [81] . In addition, muscle contraction results in calcium surges that may Fig. 3 Exercise-induced signaling in skeletal muscle. During exercise, acute muscle contraction results in an increase in intracellular calcium as well as mild oxidative and metabolic stress. This initiates a cellular stress cascade, where elevated calcium levels activate calcium/calmodulin-dependent protein kinases (CaMK) and calcineurin, resulting in HDAC export from the nucleus thus allowing for contraction-activated muscular remodeling. ROS activate various stress responders, such as sestrins, JNK, p38, p53, the unfolded protein response (UPR), and AMPK, which may also be activated by the elevated energetic demands elicited by an increase in AMP/ATP ratio. Sirtuins (SIRT1) are also activated due to elevations of NAD + . Activation of these pathways in response to muscle contraction culminates in autophagy induction. More chronically, these proteins activate muscular remodeling through a downstream transcriptional program largely mediated by PGC-1α. TF transcription factors lead to endoplasmic reticulum stress and thus induction of the unfolded protein response, a process partially mediated by PGC-1α [82] . Rapid increases in intracellular calcium also lead to the activation of calcium/calmodulin-dependent protein kinases and calcineurin, which may participate in exercise-induced muscular remodeling, possibly through facilitating HDAC export from the nucleus [83] . With this in mind, muscle contraction-induced ROS production can lead to pathological intermediates as well as cause damage to membrane lipids and proteins. If accumulated, these modified intermediates may hinder mitochondrial function and perturb proper cellular homeostasis, resulting in impaired muscle health. An efficient system, for the removal of damaged and carbonylated proteins, is therefore critical in maintaining overall muscle health and function [27] and may be crucial for achieving exercise-induced benefits. Indeed, it has been recently demonstrated that autophagy is activated following an acute bout of exercise [23, 60] and may play a vital role in exercise-induced muscular remodeling, as well as physical activity-mediated protection against HFD-induced glucose intolerance [60, 84] .
Muscle contraction
The activation of autophagy during muscle contraction is important for maintaining cellular energy homeostasis acutely, as well as for efficient organelle and protein turnover following exercise. In fact, autophagy markers are up-regulated following ultra-endurance exercise [85] as well as during acute bouts of treadmill running, and more chronically following exercise training [23, 60, 86] . Autophagy may also enhance cellular turnover following exercise in order to prime the cell for more efficient energy utilization and production with repeated bouts. He et al. reported that mice with Bcl2 knock-in mutations (Bcl2AAA), displaying intact basal autophagy but defective stress-induced autophagy, fail to achieve exercise-mediated protection against HFD-induced glucose intolerance, supporting beneficial metabolic effects of stimulus-induced autophagy [60] . These autophagy-mediated, exercise-induced metabolic benefits presumably occur through the activation of AMPK followed by the up-regulation of the glucose transporter Glut4 on the surface of muscle fibers. However, the upstream signals transducing this cascade remain a much sought after mystery. Moreover, Bcl2AAA mice also exhibit reduced adiponectin levels following exercise, when compared with wild-type animals. In agreement with this, a recent study suggested that adiponectin deficiency may aggravate HFD-induced obesity, metabolic derangement, cardiac hypertrophy, and contractile dysfunction, possibly through decreased myocardial autophagy [87] . In contrast to the aforementioned findings, skeletal muscle-specific Atg7 −/− mice actually show an improved metabolic profile, including glucose homeostasis, owing to mitochondrial inefficiency and the increased release of the mitokine FGF21 [61] .
Although not yet explored, it is conceivable that deficient autophagy may alter the release of muscle-derived cytokines (myokines) or affect p62-dependent signaling. Myokines have been documented to play an important role in mediating whole-body adaptations to exercise through the regulation of skeletal muscle metabolism and signaling to distant metabolic organs. In addition to its canonical role as an autophagy substrate, p62 has also been found to participate in whole body metabolic regulation and indeed p62-deficient animals are obese [58] . The implication of autophagy in exercise is quite expected, as acute muscle contraction mimics a form of energetic stress and a temporary increase in ROS similar to that observed in other forms of nutrient deprivation, such as caloric restriction and starvation. All of these impinge on a common axis of metabolically sensitive enzymes, such AMPK and SIRT1, as well as on the activation of redox sensitive pathways involving p38, JNK, and cellular stress response elements, such as p53 and FoxOs, all of which were associated with the activation of autophagy in one way or another [88] . An additional family of factors that may be activated during exercise and were already found to play a role in autophagy induction are sestrins, although this remains to be established [89] . In addition, the downstream transcriptional executer PGC-1α has also been recently documented to play a role in lysosomal biogenesis [90] and in the regulation of autophagy-related protein expression [84] . Moreover, AKT is dephosphorylated following an acute bout of exercise [23, 60] , suggesting that FoxOs and potentially mTOR could be another possible route to explore. The signaling events leading to the activation of autophagy during exercise and the role of autophagy in exercise-induced metabolic benefits warrant further examination, as the molecular mechanisms responsible for these events remain largely elusive.
The progression of autophagy during aging is controversial, and although some studies indicate an increase of various autophagic markers [22] , autophagy flux is most likely compromised during senescence, leading to the accumulation of dysfunctional organelles and harmful protein aggregates. Aged rats display an up-regulation of some autophagy genes (Beclin 1), but exhibit no changes in other autophagy regulators (Atg7 and Atg9) and a decrease in the lysosomal marker LAMP-2. In this context, life-long caloric restriction alone, or combined with voluntary exercise, resulted in a mild reduction of LC3 expression and lipidation coupled with an increased LAMP-2 expression, suggesting a potential increase in autophagy flux. The age-related increase in oxidative damage and apoptosis were also attenuated by caloric restriction and exercise, perhaps through autophagy induction [50] .
While physical activity stimulates autophagy in normal muscles and may hold therapeutic benefit in some disease models, exercise therapy should be considered with caution. Neither long-term nor shorter spurts of intense physical activity stimulated autophagy in Col6a1 −/− mice. Indeed, in this model of muscular dystrophy, where autophagy flux is compromised, exercise resulted in severe signs of myofiber death, mitochondrial abnormalities, degeneration and exacerbation of the dystrophic phenotype [23] . This further demonstrates the importance of autophagy for exercise-induced benefits. Thus, although some studies suggest a role for autophagy in physical activity-induced adaptations [60] , very few have actually examined the mechanisms behind autophagy induction after an acute bout of exercise, and even fewer have evaluated the mechanisms involved in this activation.
Concluding remarks and future directions
Autophagy is essential for the metabolic homeostasis of the whole body under physiological conditions, and it can be further augmented during nutritional imbalance. This process has also been deemed essential for the proper maintenance and function of skeletal muscle, a central metabolic organ. More recently, autophagy has also been implicated in exerciseinduced metabolic adaptations. The autophagic cascade therefore presents an enticing pharmaceutical target for the treatment of metabolic abnormalities as well as myopathies, and its roles in this perspective are starting to be uncovered. With this in mind, much investigation is still required in order to discern the function and molecular regulation of autophagy during conditions of elevated energetic balance, such as during HFD and overfeeding. Moreover, despite recent data revealing a role for autophagy following exercise, the mechanisms upstream and downstream of autophagy, during short-and long-term contractile activity in the different metabolic organs, should be further characterized. Finally, as autophagy is responsible for endosome trafficking as well as for some forms of exo-and endocytosis, it is conceivable that autophagy may have a role in myokine release and receipt. These processes represent an attractive endeavor that requires further exploration. Thus, the dissection of autophagy in muscle physiology and metabolic regulation promises to be an exhilarating journey full of discovery and therapeutic potential in the near future.
